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Abstract 
Nutrient enrichment can result in long-term negative impacts on a range of native and semi-native plant 
communities worldwide. Despite this knowledge, fertiliser application is generally viewed as a necessary 
step in re-establishing native plant communities in post-mining restoration. However, long-term effects of 
nutrient addition to restored plant communities, particularly in native ecosystems that are adapted to 
inherently low-nutrient soils, have received little attention. Here we report results of two experiments run 
for 15 and 20 years, respectively, to investigate the effect of applied P fertiliser on responses of Eucalyptus 
marginata (jarrah) forest re-sprouter understorey species in sites restored after bauxite mining in Western 
Australia. Re-sprouter species are abundant in unmined forest but are under-represented in restored sites. 
At the end of the two experiments (i.e. after 15 and 20 years), the abundance of three groups of re-sprouter 
understorey species was reduced, compared with the zero-fertiliser treatment, when P fertiliser was applied 
at rates from 20 to 120 kg P ha-1. In both experiments, the cover associated with P responsive legumes 
increased with increasing P application rates. This result suggests that when fertiliser is applied, slow-
growing re-sprouter species are susceptible to being outcompeted by more vigorous understorey species. 
Consequently, if the goal of restoration is to re-establish a diverse plant community, then minimising 
fertiliser application rates may be appropriate. 
Keywords: Acacia, competition, fertiliser, legumes, nitrogen 
1 Introduction 
There is a well-established link between plant community composition and soil nutrient availability  
(e.g. Grime 1979; Gough & Marrs 1990). Thus, variations in N and P supply have been linked to patterns of 
ﬂoristic diversity in ecosystems including tropical rain forest, temperate grassland and Mediterranean-type 
ecosystems (Wassen et al. 2005; John et al. 2007; Prober & Wiehl 2012). In ecosystems with inherently low 
levels of soil fertility, elevated N and P levels may increase invasion by non-native species (Prober & Wiehl 
2012) or alter competitive dynamics among native species (Daws et al. 2015). Therefore, while nutrient 
availability is important for supporting plant growth and establishment, there is a need to understand its 
effects on resulting plant community composition in restored landscapes (e.g. Standish et al. 2008, 2010; 
Garcia-Palacios et al. 2010; Soliveres et al. 2012). 
Fertiliser addition is generally viewed as a key step in the restoration of native plant communities following 
mining because it can stimulate plant growth and help initiate nutrient cycling processes (Grant et al. 2007; 
Williamson et al. 2011; Zipper et al. 2011; Ortiz et al. 2012). Fertiliser may help compensate for the loss of 
nutrients associated with the removal of vegetation and leaf litter prior to mining. In addition, delays in the 
spreading of topsoil for restoration (i.e. stockpiling), mixing of topsoil and subsoil, and using low-nutrient 
substrates in mine restoration (e.g. waste rock) can impact nutrient availability for plants (Short et al. 2000; 
Grant et al. 2007). 
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A strategy commonly applied in parallel with fertiliser application (especially P) is to plant or seed 
fast-growing legumes to restore productivity and re-establish nutrient cycling processes (e.g. Ward et al. 
1990). Restoring N2-fixing legumes has the advantage of potentially increasing soil-N availability to other 
species such as trees. Fast-growing legumes may also reduce erosion of newly rehabilitated (bare) sites (Ward 
et al. 1990). This strategy has been widely applied in Australia (Langkamp et al. 1979; Todd et al. 2000; Grant 
et al. 2007; Brady & Noske 2010) and elsewhere (Bradshaw 1983; Parrotta & Knowles 1999, 2001). Legume 
growth and N fixation can also be maximised by applying P fertiliser to low-P soils since legumes are generally 
P-, but not N-limited. For example, adding the equivalent of 50 kg P ha-1 to mined and restored (Eucalyptus 
marginata) jarrah forest soils increased annual N fixation by Acacia pulchella from 12 to 85 kg N ha-1 (Hingston 
et al. 1982). 
There are, however, a number of potential disadvantages to restoration strategies based on establishing 
leguminous species and/or the use of high fertiliser application rates. These include increased competition 
due to the rapid growth and dense vegetation that can result (Koch 1987); elevated fuel loads, particularly 
for fine fuels from both live and senesced legumes (Todd et al. 2000; Grant et al. 2007); and many legumes 
produce a thick leaf litter layer that can physically retard the establishment of other understorey species 
(Boyes et al. 2011; le Stradic et al. 2014). While applying fertiliser, and particularly P, maximises early growth 
of legume species, it can also negatively impact on the re-establishing plant community. For example, 
elevated P can favour annual species, including weeds, while negatively affecting slow-growing species and 
those with specialised P-acquisition strategies, such as Proteaceae (e.g. Lambers et al. 2008; Shane et al. 
2004). For example, in fynbos restoration after a simulated mining disturbance, Holmes (2001) found that 
adding 26 kg P ha-1 increased overall plant density and cover. However, this effect was mainly limited to 
exotic weeds, and P addition increased the mortality of native Proteaceae. Similarly, Daws et al. (2013, 2015, 
2019) found that for jarrah forest restored after mining, while applied N had little effect on understorey 
plants, annual species (weeds and natives) were the main beneficiaries of applied P fertiliser. Furthermore, 
while the growth and density of native Proteaceae was insensitive to P application, the overall species 
richness of native species was reduced at P application rates greater than 20 kg ha-1 (Daws et al. 2013). 
Overall, these studies highlight the need for more detailed understanding of the combined effects of P 
fertiliser and legumes. 
The jarrah forest of Western Australia is a biodiversity hot spot with an estimated 300–400 understorey plant 
species occurring in areas impacted by mining for bauxite (Koch 2007). In addition, the soils of the jarrah 
forest are naturally deficient in P with levels of Colwell (available)-P typically being around 2mg kg-1 (Hingston 
et al. 1982; Standish et al. 2008). Consequently, many of the plant species in the jarrah forest have specialised 
adaptations for P acquisition (Lambers et al. 2008). A significant proportion of these species are rushes, 
sedges and other grass-like species such as grass trees. These species are ubiquitous in the jarrah forest and 
by being able to re-sprout, are important for resilience following disturbance, such as fire and grazing. 
However, despite being abundant in unmined forest these re-sprouter species (sensu Bell 2001) are poorly 
represented in restored sites (Koch et al. 2004; Norman et al. 2006). Low seed production is likely to 
contribute to this finding. Additionally, P fertiliser rates of between 20 and 80 kg ha-1 have been routinely 
applied in jarrah forest restoration following bauxite mining (Standish et al. 2015). Consequently, the low 
abundance of these species in restored sites may result, at least in part, from either direct toxicity of applied 
P (Lambers et al. 2008) or, due to their inherently low growth rates (Pate et al. 1990; Bowen 1991; Koch et 
al. 2004), they may simply be outcompeted by fast-growing P-responsive species (e.g. legumes). 
While we have reported previously on the effects of both competition from large understorey legumes 
and/or applied P on jarrah forest restoration (Daws et al. 2013, 2015, 2019), these studies focused primarily 
on responses at the community and growth-form level (e.g. species richness, density and cover over weeds, 
ephemerals, and re-sprouters). However, in this study, we report the effects of fertiliser P application in 
combination with the effect of legume density on the abundance and cover of three specific understorey re-
sprouter taxa (Lomandra spp., Thysanotus thyrsoideus and Xanthorrhoea spp.) in bauxite mine restoration in 
the jarrah forest of Western Australia. In the first experiment, we assessed the responses of these taxa 20 
years after the experiment was established. Specifically, we assessed the effects of three P application rates 
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(0, 80 and 120 kg P ha-1) on the abundance of these taxa, and the growth response of understorey legumes. 
In the second study, we report the effects of three fertiliser P application rates (0, 20 and 80 kg ha-1) on the 
same taxa, but after 15 years. In this study, P-application rates were combined with direct manipulation of 
the density of P responsive legumes to assess if competition from legumes contributes to the observed 
responses of the re-sprouter species. Using these data, we test the hypotheses that soil P remains elevated 
for up to 20 years after a single initial fertiliser application; that applied P will increase the percentage cover 
associated with large understorey legumes; by increasing the competitive environment in the understorey, 
applied P will reduce the abundance of the three study re-sprouter taxa; and that these negative effects of P 
fertiliser on slow-growing species will continue to be evident even after 20 years. 
2 Materials and methods 
2.1 Study site and species 
The experiments were established within the Alcoa of Australia Ltd bauxite mining lease in the northern 
jarrah forest, located between 60 and 100 km southeast of Perth, Western Australia. The area has a 
Mediterranean climate with cool, wet winters and hot, dry summers. Annual rainfall is ~1,200 mm with 
average summer maximum temperatures of 29°C and average winter minimum temperatures of 6°C 
(Australian Bureau of Meteorology 2015). 
The forest vegetation is comprised of the dominant overstorey species Eucalyptus marginata (jarrah), which 
constitutes around 80% of stems in both restored and unmined forest (Daws et al. 2015). The remaining stems 
are mostly comprised of the subdominant species Corymbia calophylla. In addition, there is a mid-storey layer 
dominated by Banksia grandis, Allocasuarina fraseriana and Xanthorrhoea preisii with large woody shrubs of 
Bossiaea aquifolium, various Acacia species and a diverse understorey (Gardner & Bell 2007). 
In both experiments we assessed the effect of applied P on the abundance of three re-sprouter taxa: 
Lomandra spp. (Asparagaceae), Thysanotus thrysoideus (Asparagaceae) and Xanthorrhoea spp. 
(Xanthorrhoeaceae). These taxa were chosen based on their being relatively abundant across both 
experiments. In addition, Lomandra spp. and Xanthorrhoea spp. are under-represented in restored sites 
compared with unmined forest (Koch et al. 2004; Norman et al. 2006; Koch 2007). Thysanotus thrysoideus is 
a perennial herb with a similar growth habit to Lomandra spp. and Xanthorrhoea spp. A suite of Lomandra 
species were aggregated together in this study due to individual species being at low abundance. The two 
Xanthorrhoea species found in restored sites (X. gracilis and X. preissi) were aggregated due to difficulties in 
identifying the individual species in the field. 
2.2 Experiment 1 
The experiment was established in four newly restored mine pits. Treatment plots of 25 × 25 m with an 
additional untreated 1 m strip between plots were established at each replicate site using a randomised 
complete block design and seeded during summer 1994 (January to April) with 1.44 kg ha-1 Eucalyptus 
marginata seed, 0.60 kg ha-1 Corymbia calophylla seed and an understorey seed mix containing 0.72 kg ha-1 
legumes and 0.197 kg ha-1 non-legume species (Lockley & Koch 1996). Fertiliser was broadcast by hand on a 
single occasion at rates of 0, 80 and 120 kg ha-1 for P and 80 kg ha-1 for N and not incorporated into the soil. 
Thus, there were three fertiliser combinations. Phosphorus was applied as double superphosphate, and 
nitrogen as ammonium sulphate. 
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2.3 Experiment 2 
In March 2001, within each of six newly restored mine pits, a block containing six 40 × 50 m plots was 
established. A factorial design with two factors was used: with and without seeding of seven large 
understorey legume species; and P fertiliser application, including none, 20 and 80 kg elemental P ha–1. 
Previous studies have shown that including or excluding large understorey legumes from the seed mix results 
in differences in the abundance and cover of these species (Daws et al. 2015, 2019). As a consequence, 
seeding large legumes results in more competition among understorey species for water. Each experimental 
plot also received a generic seed mix containing seeds of 108 jarrah forest species which was broadcast by 
hand in March 2001. This mix included the dominant tree species Eucalyptus marginata. After seeding, 
fertiliser containing P as di-ammonium phosphate, and N (as urea) was broadcast by hand onto each plot at 
an application rate of 80 kg elemental N ha–1. Further details of the experimental design are provided in Daws 
et al. (2015, 2019). 
2.4 Botanical sampling 
In both experiments, a 20 × 20 m plot was established within the centre of each treatment plot. Each 
20 × 20 m plot was further divided into twenty 2 × 2 m quadrats with a total of 80 m2 sampled per plot. 
Species identity, density and percentage cover (a visual estimate that included overhang) were recorded 
separately for each 2 × 2 m quadrat with density summed for the entire plot. The estimates of percentage 
cover took into account vertical structuring of the vegetation, such that the sum of all cover estimates could 
exceed 100%. For Experiment 1, plots were monitored in 2014 (20 years after establishment of the 
experiment), and for Experiment 2 plots were monitored in 2006 and 2015 (5.5 and 15 years after 
establishing the experiment). 
2.5 Soil sampling 
For Experiment 1, soil samples were collected 13 and 20 years after the experiment was established. For 
Experiment 2, soil samples were collected three months after the experiment was established, followed by 
sampling at five and 17 years. For all soil sampling, six samples were collected from random locations at a 
depth of 0–10 cm in the furrow of the rip-lines in each plot and mixed. Soil was air-dried at 26°C and gravel 
removed using a 2 mm sieve (Rayment & Higginson 1992). Samples were analysed at a commercial laboratory 
(CSBP Soil and Plant Laboratories, Bibra Lake, Australia) assessing Colwell (available) phosphorus (Colwell 
1963). 
2.6 Statistical analyses 
For each taxa, one-way analysis of variance (ANOVA) followed by Tukey’s post hoc test, implemented in 
Minitab 11, was used to test for differences in plant density and legume cover in relation to P application 
rate (Experiment 1). For Experiment 2, two-way ANOVA was used to assess the effect of both P application 
rate and the inclusion of large understorey legumes in the seed mix on plant density. Data did not require 
transformations to meet the normality and homogeneity of variance assumptions for ANOVA. 
3 Results 
3.1 Soil Colwell P 
Combining the data from across the two experiments, the initial (single) application of P fertiliser resulted in 
an increase in available (Colwell) soil P concentrations, with the concentration related to fertiliser application 
rate (Figure 1). Soil P concentrations declined over time; but even after 20 years, soil P at the two higher 
application rates (80 and 120 kg ha-1) was elevated compared with the control (Figure 1). 
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Figure 1 Changes in soil available (Colwell) P concentrations at 0–10 cm depth in restored jarrah forest in 
relation to P application rate and time since application. The solid line refers to Colwell P in the 
control treatment. 
3.2 Experiment 1 effect of applied P 
In 20-year-old restored sites, the abundance of all three re-sprouter taxa was significantly higher at 0 kg P ha-1 
compared with their abundance at higher P application rates (Tukey’s post hoc test, P < 0.05; Figure 2). For 
example, the abundance of Lomandra spp. declined from approximately 0.12 plants m-2 to approx. 0.01 m-2 
and the abundance of T. thyrsoideus declined from 0.37 to 0.06 plants m-2 as the P application rate increased 
from 0 to 120 kg ha-1. Conversely, as the P application rate increased, the cover associated with legume 
species increased from approximately 5 to 14% (Figure 2). 
 
Figure 2 Effects of three P application rates (0, 80 and 120 kg ha-1) on the abundance of three groups of 
re-sprouter species in 20-year-old restored sites. Also shown is the plant cover attributable to 
legumes in this experiment (Experiment 1). Data are means ± 1 SE. 
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3.3 Experiment 2 effect of applied P and large legumes 
Five and 15 years after the single application of P fertiliser, the effects on legume cover were still evident; 
legume cover responded positively to increasing P application rates (Table 1). However, legume cover was 
consistently lower at 15 years of age compared with five years of age. At both monitoring intervals, the 
percentage cover of non-legume understorey species was negatively affected by both seeded large 
understorey legumes and by applied P fertiliser, such that after 15 years, non-legume plant cover was highest 
when neither additional large legumes nor P fertiliser had been applied (Table 1). Combined with a reduction 
in legume density between five and 15 years, these effects resulted in total plant cover also being highest in 
the absence of P fertiliser and when large legumes were not seeded (Table 1). 
Table 1 The effect of P application rate and seeding large understorey legumes on the cover of both 
legume species and native non-legume species. Results are shown for both five and 15 years 
after a single initial application of P fertiliser. The shaded cells refer to the highest observed 
values, after 15 years, for both the cover of non-legume species and total cover 
Time 
(years) 
P treatment 
(kg ha-1) 
Large legumes not seeded Large legumes seeded 
Legume 
cover (%) 
Native  
non-legumes 
(%) 
Total 
cover (%) 
Legume 
cover (%) 
Native  
non-legumes 
(%) 
Total 
cover (%) 
5 0 17.9 18.1 36.0 23.7 16.6 40.3 
 20 21.3 14.0 41.3 33.7 12.4 46.1 
 80 28.0 10.8 38.8 50.8 5.4 56.2 
15 0 11.5 42.7 54.2 8.5 32.4 40.9 
 20 9.3 23.7 33.0 16.7 27.8 44.5 
 80 10.6 22.9 33.5 17.6 25.1 42.7 
Fifteen years after establishment of Experiment 2, increasing rates of applied P resulted in a significant 
reduction in the abundance of T. thyrsoideus and Xanthorrhoea spp. (P < 0.05), but not Lomandra spp. 
(P > 0.05). For example, in the no additional legumes treatment, the density of T. thyrsoideus declined from 
approximately 0.13 to 0.01 individuals m-2 as applied P increased from 0 to 80 kg ha-1 (Figure 3). Including 
large legumes in the seed mix also reduced the abundance of all three taxa (P < 0.05; Figure 3). 
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Figure 3 The effect of initial P application rate and seeding large legumes on the abundance of three 
re-sprouter taxa 15 years after a single initial application of P fertiliser (Experiment 2). Data are 
means ± 1 SE. 
4 Discussion 
Our data indicate that even 20 years after a single initial application of P fertiliser, soil Colwell P remains 
elevated and, therefore, potentially impacting vegetation responses. While overall soil P levels declined over 
the duration of these two studies, even after 20 years soil P was still higher than the approximately 2 mg kg-1 
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P typical of undisturbed jarrah forest soils (Standish et al. 2008). These findings are consistent with other 
studies of soil P levels in restored jarrah forest, and other post-mining environments, which can remain 
elevated for at least 26 years after fertiliser addition (Spain et al. 2006, 2015; Banning et al. 2008; Standish 
et al. 2008). Indeed, a recent study of forest soil P dynamics in a restored tropical eucalypt forest found 
ongoing net increases in near-surface concentrations of P over 26 years, potentially storing up future 
difference between fertilised restored and native forest systems (Spain et al. 2015). 
Across both our experiments, applied P continued to benefit legume growth (as assessed by cover) after 15 
and 20 years, although legume cover declined in Experiment 2 between five and 15 years (and presumably 
also over the duration of Experiment 1). Many fast-growing legumes senesce over time reaching a maximum 
cover at approximately five years of age and declining thereafter (Grant et al. 2007; Daws & Koch 2015). 
These observations have contributed to the seeding strategy for jarrah forest restoration because it has been 
assumed that large legumes will be replaced by other species as succession proceeds. However, our data 
suggest that legumes comprise a significant portion of total plant cover in restored jarrah forest communities 
at five, 15 and 20 years of age. So, on the one hand these data suggest that if the desired goal of restoration 
is to rapidly (within five years) establish plant cover (e.g. to minimise the risk of erosion), seeding large 
legumes combined with applying P fertiliser can be an effective strategy. However, our data also show that 
maximum plant cover can be achieved in time (at 15 to 20 years) when large legumes are not seeded and P 
fertiliser is not applied. 
We also found that the abundance of the three re-sprouter taxa that we investigated declined with increasing 
soil P. One potential explanation of these negative effects of P application is the direct toxicity of applied P; 
many species in the jarrah forest (e.g. Proteaceae) have specialised adaptations for P acquisition in this 
naturally P-deficient system (Lambers et al. 2008; Shane et al. 2004) and have limited ability to regulate P 
uptake when P supply is increased (Shane et al. 2004; de Campos et al. 2013; Handreck 1991; Lambers et al. 
2002). However, the results of Experiment 2 (Figure 3) indicate that at least a portion of the decline in 
abundance of the re-sprouter species at elevated P can be directly attributed to the abundance of large 
understorey legumes and not elevated soil P per se. Further study is required to assess the relative 
importance of direct toxicity of elevated soil P compared with competitive effects for restoration outcomes 
in the jarrah forest.  
Both experiments indicate a negative effect of legumes on the abundance of re-sprouter species mediated 
by P application rate. While we are unable to determine if the relationship is causal for Experiment 1, 
Experiment 2 indicates that there is causality. This raises the question of why the abundance of re-sprouter 
species is negatively impacted by seeding large legumes. Legume species are P, but not N limited due to N 
fixation, and may respond vigorously to applied P (e.g. see Table 1). However, many re-sprouter species 
(including the study species) are generally slow growing (Pate et al. 1990; Bowen 1991). For example, in an 
experiment in newly restored jarrah forest, Koch et al. (2004) found that while over 22 months X. preisii 
plants were slow growing, plants were twice as heavy when they were not in competition with neighbouring 
plants. Plants in this experiment also received 80 kg P ha-1 suggesting that X. preissi is not so much sensitive 
to high soil P, but sensitive to competition. Consequently, one explanation for the reduced abundance of 
these species at high P is simply that they are outcompeted for resources (e.g. water, light or space) by 
vigorous legume species. An alternative, but not mutually exclusive, hypothesis is that the increased leaf 
litter accumulation and build-up of fine woody debris once the legume species start to senesce inhibits 
ongoing germination and seedling establishment of understorey species. Studies are required to determine 
the relative importance of these two mechanisms. 
A P-related decline in abundance of the same three groups of understorey species over two independent 
trials of 15 and 20 years’ duration, has significant practical implications. Alcoa currently propagates and 
plants a suite of Lomandra species and both Xanthorrhoea gracilis and X. preissii into restored sites to 
increase their abundance. Consequently, our data suggest that the low abundance of these species in 
restored sites may partially result from the high rates of P (40 and 80 kg ha-1) that have been applied as part 
of previous standard practice. Further, the use of a zero-fertiliser regime and a reduced legume seed mix may 
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potentially enable the effort around propagating these species to be reduced whilst still increasing their 
long-term abundance. 
Restoration practitioners aim to achieve a rate of fertiliser application that both compensates for nutrient 
losses and reﬂects the aims of restoration. If the aims of restoration are to maximise ground cover (to 
minimise erosion or maximise productivity), then higher rates of fertiliser application might be needed 
compared with those that might be used to maximise ﬂoristic diversity. While these trade-offs between these 
goals are not unique to mine site restoration (e.g. Catterall et al. 2005) our current data indicate that this 
trade-off is not necessarily straightforward. While applying P and seeding large understorey legumes 
increased understorey productivity at five years of age, this was not the case after 15 years (Experiment 2). 
After 15 years, the treatment that resulted in the greatest level of understorey cover was counter intuitively 
the no large legume, 0 kg P ha-1 fertiliser treatment. Indeed, in another study of this experiment, this was 
also the treatment that maximised species richness at 15 years of age (Daws et al. 2019). This suggests that 
whilst seeding legumes and applying P fertiliser results in high initial cover, once the legumes start to senesce, 
the resulting niche space that they leave remains largely unfilled except by legume recruits. 
5 Conclusion 
These data suggest that to re-establish a diverse plant community following mining in the jarrah forest, 
minimising initial competition from vigorous understorey legumes by manipulating the applied seed mix and 
applying minimal or zero fertiliser may be appropriate. Whilst this strategy does not maximise initial plant 
cover and productivity, over the longer term it maximises understorey plant cover, the abundance of a suite 
of re-sprouter species (this study; Daws et al. 2019) and species richness (Daws et al. 2019). Further studies 
of the effects of fertiliser application rates on re-establishing a diverse plant community in regions with soils 
naturally deficient in nutrients are required to assess the generality of these results. 
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